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A B S T R A C T   
Poplar short rotation coppice (SRC) plantations have great potential for supplying environmentally friendly bio- 
based industries. However, little research has focussed on the linkages between SRC management regimes and 
the consumption of water for biomass production in the Mediterranean environment. Therefore, we compared six 
hybrid clones and four native black poplar genotypes with an aim to examine how two different lengthening 
periods (3 vs. 5 years) of single-stem rotation affected growth performance in the following three years of multi- 
stem rotation coppice. To achieve this goal, we assessed the aboveground dry biomass production and variation 
in water use efficiency (WUE) of the genotypes annually. A longer single-stem rotation increased biomass pro-
ductivity and WUE in the multi-stem rotation of the native black poplar, rather than that of the hybrid genotypes. 
In contrast, biomass and WUE performances did not diverge between the native and hybrid genotypes under the 
shorter single-stem phase. These findings underline the importance of lengthening the rotation of single-stem 
SRC plantations in hot and dry Mediterranean climates. Native black poplar genotypes managed in SRC 
should be strongly considered as environmentally compatible genetic resources both in protected areas and in 
areas where water supply constrains biomass production.   
1. Introduction 
A globally increasing demand for energy and the need to mitigate the 
effects of climate change emphasise the importance of the development 
of sustainable and renewable bioenergy resources at both the cultivation 
and industrial levels [1,2]. The European Union (EU) has set a target to 
decrease greenhouse gas emissions (GHG) by 40% compared to the 
levels of 1990, and increase renewable energy resources by 27% by 2030 
[3]. Therefore, tree crop plantations are expected to become one of the 
most sustainable environmental solutions for the biomass and energy 
supplies of many countries, as well as matching energy and climate 
policy targets of the EU [4]. Nonetheless, the potential large-scale 
deployment of woody crops could be hindered by an multiple con-
cerns related to the loss of biodiversity and the detriment of water re-
sources [5,6]. Indeed, negative impacts on ecosystem services are 
commonly attributed to the large-scale extent of dedicated woody crops 
[7,8]. 
Trees managed as short rotation coppices (SRCs) represent a 
cultivation system dedicated to lignocellulosic biomass production [9]. 
Further, SRCs are locally available and utilisable across various 
bio-based conversion processes [10–12]. The development and 
improvement of provenance selection, breeding, cultivation, and man-
agement techniques are crucial steps to greatly reduce environmental 
impacts associated with defence against pathogens, irrigation, harvest-
ing, pre-treatment, and increasing the efficiency of woody biomass 
bioconversion [13,14]. Although stem density affects poplar growth 
performance [15], under the limited water supply of Mediterranean 
environments, understanding water use efficiency [16] and the optimal 
length of rotation of different poplar genotypes cultivated in SRC is 
crucial. 
Hybrid poplars in temperate regions in Europe and around the 
Mediterranean are commonly cultivated in SRC [10,11,17], while wild 
native European black poplar genotypes are often only planted 
sporadically [18]. European poplar breeding and clone selection pro-
grams were finalised to identify and understand the genes involved in 
poplar clone performance [19,20], as well as on resistance to viruses, 
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fungi, and insect-related disease [19,21]. Together with these two pri-
mary target selection criteria, other traits involved in biomass allocation 
patterns and drought tolerance need to be considered when developing 
poplar clone breeding programs to make SRCs economically and envi-
ronmentally sustainable. 
Yield and biomass production are directly linked to soil water 
availability, supplemented by irrigation in intensive poplar SRC plan-
tations under soil water deficit conditions [22]. A worldwide increase in 
water shortage has led to the development of irrigation management 
techniques that minimise water consumption [23] and the selection and 
identification of drought-tolerant poplar genotypes [24]. However, 
there is no consensus on the impact of poplar SRCs on water use. Some 
studies have attributed poplar genotypes to high water use [19], 
although more recent studies have reported that under comparable sites 
and climatic conditions, the evapotranspiration of poplar SRCs did not 
exceed the reference evapotranspiration values of well-watered grass-
land or reference crop evapotranspiration [25–27]. 
In poplars, high biomass allocation to coarse root systems are asso-
ciated with plant to instable river substrates, access to resources over 
large volumes of soil, and the storage ability of photosynthates (as non- 
structural carbohydrates in coarse roots), which all support above-
ground biomass when coppiced [28,29]. Moreover, it has been observed 
that some Mediterranean resprouter tree species (i.e., Quercus spp.), 
with high below-ground biomass allocation, mitigate the effects of soil 
water shortage [30]. The ontogenetic stage of the mono-stem, in which 
first coppicing occurs, is crucial for the legacy effect between the root 
system, aboveground biomass production, and the water use efficiency 
of the resulting multi-stemmed coppice phase. However, to our knowl-
edge, such a linkage has never been investigated in poplar genotypes. 
The identification of native wild poplar genotypes with favourable 
levels of lignocellulosic biomass production could represent a useful 
strategy for reducing the biodiversity footprint and increasing the 
environmental compatibility (sustainability) of SRC plantations. 
Further, when bioenergy cultivation is based on threatened wild native 
species, the objectives of conservation and production may be achieved 
simultaneously. 
Despite the wide use of poplar SRCs, little is known about the effects 
of single-stem rotation length on biomass production and the water use 
efficiency of the following multi-stem rotation coppice, which is crucial 
knowledge in drought-prone Mediterranean climates. Therefore, we 
aimed to assess variations in biomass production and water use effi-
ciency in the first multi-stem cycle of a comparative field study involving 
ten fast-growing poplar genotypes. We hypothesised that (1) a longer 
single-stem rotation duration results in a higher biomass yield in the 
subsequent multi-stem rotation coppice and (2) the origin of the geno-
types affects the relationship between above-ground carbon gain and 
water use. 
2. Material and methods 
2.1. Study site, climate, and plant materials 
The study site was located in the Sele river valley (Latitude 40◦ 33′
33.21′′ N; Longitude 14◦ 50′ 15.60′′ E, 19 m a.s.l., Eboli, Salerno, Italy) in 
a flat area previously used for agricultural crops in the experimental 
farm ‘Improsta’ (Fig. 1). Groundwater level is approximately at a depth 
of 5 m during summer [31]. Poplar plantations were established in 2007 
using mechanically planted unrooted dormant cutting of length 15–20 
cm. Six hybrid poplar genotypes (I-214, Grimminge, Hoogvorst, 
Oudenberg, Muur, and Vesten) were obtained from a private nursery, 
while the three native Populus nigra genotypes were collected from ri-
parian forests along the riverbanks of Isclero, Ripiti, and Badolato in the 
Campania region (Southern Italy). The black poplar genotype “Lima-
tola”, widely used in the traditional cultivation system in the Caudina 
Valley area (Southern Italy), was included in the study. 
The site exhibited a humid Mediterranean climate, with a mean 
annual temperature of 17.8 ◦C and 1100 mm total annual precipitation, 
with 6% of such precipitation generally falling from June to August 
(period 2007–2014) (see also Supplementary Figure S 1). 
Further information about site, plant material, poplar genotypes, and 
management options applied to SRC plantations is reported by Saulino 
et al. [32]. 
2.2. Short rotation coppice treatments 
To investigate the effect of a longer single stem rotation (legacy effect 
of the root system) on aboveground biomass productivity and water use 
of the subsequent multi-stemmed rotation cycle, two SRC treatments 
Fig. 1. Layout of the experimental poplar short rotation coppice plantation. Panel a) and b) show the two management regimes: the three-year single stem rotation 
(trt A) and the five-year single stem rotation (trt B). The length of the subsequent multi-stem rotation cycle for both treatments lasted three years. Panel c) shows a 
satellite image of the two SRC plantation treatments; the inset map indicates the geographical position of the poplar coppice plantation (red square). The satellite 
image acquired from Google Earth Pro™ (Google, Inc. Mountain View, CA, USA). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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were applied. Both treatments differed in the length of the single-stem 
cycle (cuttings cycle): three and five years, termed treatment A and B 
(here onwards trt A and trt B), respectively (Fig. 1a and b). In winter 
2009 for trtA and 2011 for trtB, all trees/cuttings were stumped back to 
5 cm above ground level by the cut and chip harvesting system. The 
subsequent multi-stem rotation cycle lasted for three years for both 
treatments. The poplar coppice plantation was split into two sections 
(trts A and B), each of an area of 13,125 m2 (Fig. 1c). 
2.3. Experimental design and sampling criteria 
In each of the two treatments, hardwood cuttings from the 10 poplar 
genotypes were planted in a clonal block design with an initial density of 
6667 tree ha− 1. Each block consisted of three rows with an assigned area 
of 1260 m2 (140 m × 9 m). Within each block, a core block area of 300 
m2 (100 m × 3 m) was defined, each containing a central row of 50 
stools. The core block area consisted of 10 replicate mono-stool plots of 
15 m2 each. The 10 replicate stools (1 every 10 m) were chosen from 
growing in the middle row of each poplar genotype block according to a 
systematic sampling criterion. The constraint adopted in the systematic 
sampling was the full density within and between the rows to ensure 
homogeneity in space competition effects between the stools. 
2.4. Shoot measurements and aboveground dry biomass estimation 
Stand structure and aboveground dry biomass production were 
determined for each genotype at the end of the growing season. The 
number of living shoots was determined using the counting method. 
Stem collar diameter and total height were measured using a digital 
Vernier calliper and telescopic pole. To exclude the asymmetry effects in 
space competition between stools, we limited the sampling to areas with 
full stand density. Standing volume was estimated using the felled 
sample tree method [33]. Aboveground dry biomass was indirectly 
estimated by converting the standing volume by stem specific density 
(SSD) means, according to Saulino et al. [32]. 
2.5. Climatic variable measurements 
Climatic variables were recorded from 2010 to 2014 by a weather 
station installed 500 m from the SRC plantation. The air temperature 
and relative humidity at 2 m above the ground were registered every 15 
min, and hourly averages were used to calculate the daily means 
(Figure S 1). 
2.6. Daily canopy transpiration determination 
The daily canopy transpiration rate (CT, kg H2O m− 2 day− 1) was 
calculated from the following rearranged Penman-Monteith equation 
[34]: 
CT =(1 − Ω) ⋅
ρa(T)⋅Cp
γ(T)⋅λ(T)
gc ⋅ VPD⋅N  
where ρa is air density (kg m− 3), Cp is the specific heat of air (J kg K− 1), γ 
is the psychrometric constant (kPa K− 1), λ is the latent heat flux (J kg− 1), 
VPD is the vapour pressure deficit (kPa), N is number of daylight hours 
(h), gc is the canopy conductance to water vapour (m h− 1), and Ω 
(dimensionless) is the decoupling coefficient. Ω is a measure of the 
canopy coupling between conditions at the surface and in the free 
airstream [34]. The values of CT refer to the leaf surface area in square 
meter. 
The average of all quantities over the day was used in the equation of 
canopy transpiration. The thermodynamic parameter values, ρa(T), γ(T), 
and λ(T), were based on the average daily temperature of the air 
registered by the weather station. Owing to the strong dependence of 
these parameters on the air temperature, each thermodynamic variable 
was linearly regressed on temperature (range: 30 to 45 ◦C). Each linear 
relationship was calculated by regression of the tabulated values re-
ported by Jones [34]. 
2.7. Vapour pressure deficit estimation 
The vapour pressure deficit (VPD, kPa) quantity indicated the 
amount of vapour pressure released into the air to reach saturation level. 
VPD was determined as the difference between the saturated vapour 
pressure and actual vapour pressure according to Monteith and Uns-
worth [35]: 
VPD = es(T)– e  
where es(T) (kPa) is the saturated vapour pressure of water and e (kPa) 
represents the actual vapour pressure (e, kPa). See Appendix A for a 
detailed calculation of both es(T) and e. 
2.8. Total conductance to water vapour 
Leaf-level gas exchange was recorded two to three times from July to 
August 2012 using a LiCOR 6400xt (Li-6400XT; Li-Cor Biosciences, 
Lincoln, NE, USA) equipped with a 2 cm− 2 fluorometer measuring head 
(6400-40 Leaf Chamber Fluorometer; Li-Cor Biosciences). CO2 concen-
tration, chamber temperature, and relative humidity were maintained at 
390 μmol mol− 1, 25 ◦C, and 40%, respectively. From the data mea-
surements, we extracted leaf conductance gc (mmol H2O m− 2 s− 1), which 
included mesophyll, stomatal, and boundary layer conductance per unit 
of leaf area. Since light irradiance a well-documented factors affecting 
leaf stomatal aperture, gc was measured at the maximum aperture of the 
stomata, as suggested by Jones [36], which generally occurs at an 
irradiance greater than 400 μmol m− 2 s− 1 (PAR) [34]. See Appendix B 
for details on the conversion of total conductance from units of molar 
flux density (mmol H2O m− 2 s− 1) to units of mass flux density (m h− 1). 
2.9. Daylight hours 
Day length (N) was determined as the number of hours that the sun 
was above the horizon. We calculated daylight hours (N, h) according to 
Allen et al. [37]. See Appendix C for additional details on the calculation 
of day length. 
2.10. Growing seasonal length estimation 
The onset and end of growth season phenology were visually 
assessed using the six spring and autumn discrete bud and leaf pheno-
phase classes according to Pellis et al. [38]. Observations were made at 
two- or three-week intervals between early February and the end of June 
(spring), and from the beginning of October to the end of December 
(autumn) 2012. For each genotype, only two phenology classes were 
used to estimate seasonal length, which, in turn, corresponded to the 
number of days between the observations of leaf unfolding and leaf 
senescence. The onset of the growth season (leaf unfolding) coincides 
with class 5, when >50% of the green leaves are completely unfolded 
and leaf growth is observed, while the end of the growth season (leaf 
senescence) corresponds to class 3, when >90% of the leaves are dis-
coloured with advanced leaf drop. 
2.11. Water use efficiency of productivity 
To estimate water use, that is, the amount of water lost by the tree 
stand during the production of dry biomass on an annual basis, we 
calculated water use efficiency of productivity (WUEp) for each geno-
type and treatment [39]. The WUEp was estimated from the quotient of 
the current annual increment in aboveground dry biomass (CAI, g DM 
m− 2 yr− 1) [40] and cumulative annual canopy transpiration (CCT, kg 
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WUEp corresponds to long-term water use efficiency WUEl (g kg− 1) 
used by Cienciala and Lindroth [41] to estimate the seasonal variation in 
WUE. Moreover, the square meter (m2) in CAI is referred to ground 
surface, while it is referred to leaf surface area in CCT. 
2.12. Statistical analysis 
The effects of the SRC treatments on poplar genotype shoot number 
(stem stool− 1) in each of the three-year multi-stem coppice rotations 
were assessed using a two-way analysis of variance (ANOVA type III) 
[42]. Tukey’s HSD multiple comparisons post-hoc test was used to 
compare means when significant differences were detected using the 
ANOVA [42]. A general linear regression model (GLM) was applied to 
test the relationship between the annual yield of aboveground dry 
biomass (Mg ha− 1) and years of multi-stem rotation. To test the response 
of the poplar genotypes to the different SRC treatments, two dummy 
variables were included in the linear model: 1) the poplar genotype 
groups (hybrid and native) and 2) the SRC treatments (trt A and trt B), 
while the years of the multi-stem rotation (YoR) were included as 
continuous variables. The difference in parameters of the linear 
regression model was tested using a Student’s t-test [42]. Response 
variables were log-transformed to meet the assumptions of normality. 
All analyses were performed in R [43], at a significance level of 0.05. 
3. Results 
3.1. Growing seasonal length and leaf conductance 
The length of the growing season varied considerably among the 
hybrid and native black poplar genotypes (Table 1). Black poplars 
exhibited an average growing season of 242 (±10) days, which began in 
approximately mid-March and ended at the beginning of November. In 
the hybrid genotypes, the length of the growing season was 197 (±13) 
days, which began in mid-May, and ended in early November. Leaf 
unfolding in the black poplars occurred an average of 37 (±4) days 
before that of the hybrid genotypes. 
The values of maximum leaf conductance (m h− 1) varied 
considerably among the poplar genotypes (Table 1). Low values were 
recorded in wild black poplars (Badolato and Ripiti) and Grimminge 
(hybrid genotype). High values were found in hybrid clones (Ouden-
berg, Muur, and Vesten, followed by I-214 and Hoogvorst) and two wild 
black poplars (Limatola and Isclero). 
3.2. Shoots number in the multi-stem rotation 
Shoots number (stems stool− 1) was significantly affected by SRC 
treatment (F1,530 = 46.27, p < 0.0001) in both the hybrid and native 
black poplar genotypes (F1,530 = 252.77, p < 0.0001). Moreover, 
Tukey’s HSD post-hoc test revealed that the number of shoots in the 
black poplar genotypes was always higher than that in hybrid genotypes 
in the multi-stem rotations after both SRC treatments. Compared to that 
of trt A, the mean shoots number in trt B increased by 32% and 39% for 
the hybrid and native black poplar genotypes, respectively (Fig. 2). 
3.3. Aboveground dry biomass production in the multi-stem rotation 
Under trt A, the cumulated aboveground woody dry biomass after 
the three years of multi-stem rotation averaged 21.61 (±1.16) and 18.18 
(±1.66) Mg ha− 1 for the hybrid and native black poplar genotypes, 
respectively (Fig. 3a). Under trt B, cumulative dry biomass yielded by 
21.07 (±1.72) and 39.96 (±4.38) Mg ha− 1 for the hybrid and native 
black poplar genotypes, respectively. 
The relationship between annual yield of aboveground dry biomass 
and year of multi-stem coppice rotation was significant (F7,525 = 59.03, 
p < 0.0001). However, the linear regression model accounted for 44% of 
the total variability in aboveground dry biomass (R2 = 0.44; Fig. 2). The 
intercept values were not significantly different and equal to zero be-
tween the treatments and genotypes. In contrast, the slope coefficients 
were all significantly different from zero. Moreover, the slope coefficient 
was only significantly higher in the native black poplar in trt B (Fig. 3; 
Table 2). 
3.4. Daily and seasonal canopy transpiration in the multi-stem rotation 
In the native black poplar genotypes, estimated daily canopy tran-
spiration began in mid-March, approximately 20–45 days earlier than 
that of the hybrid genotypes, and ceased around mid-November, 
approximately 10–18 days after that of the hybrid genotypes 
Table 1 
Day of year (DoY) of leaf unfolding (phenology class 5), leaf senescence (phenology class 3), growing seasonal 
length (day numbers) and maximum leaf conductance (m h− 1) for six hybrid poplar (white) and four native 
black poplar (grey) genotypes. Capital letters D, N, and T indicate the Populus genotypes deltoides, nigra, and 
thricocarpa, respectively. 
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(Supplementary Figure S 2). A maximum daily transpiration of 3.48 kg 
H2O m− 2 day− 1 was observed on August 6, 2012 for the Oudenberg and 
Muur hybrid genotypes. In contrast, in the black poplar genotypes, the 
maximum transpiration value of approximately 2.72 kg H2O m− 2 day− 1, 
recorded in the Limatola genotype, was 21.8% lower than that of the 
hybrid clones. In the black poplar genotypes, average seasonal canopy 
transpiration was 0.6 (±0.32) kg H2O m− 2 day− 1, ~30% lower than that 
of the hybrid poplar genotypes, which exhibited an average seasonal 
canopy transpiration value of 0.9 (±0.26) kg H2O m− 2 day− 1. Average 
daily canopy transpiration ranged from a minimum of 0.2 (±0.12) kg 
H2O m− 2 day− 1 observed in the Ripiti black poplar genotype to a 
maximum of 1.3 (±0.53) kg H2O m− 2 day− 1 recorded in the Oudenberg 
hybrid genotype. 
Cumulative precipitation during the growing season varied sub-
stantially for each annual multi-stem rotation and different growing 
seasonal length of each poplar genotype (Table 1), with values ranging 
from 240 kg m− 2 to 840 kg m− 2 in trt A and from 161 kg m− 2 to 716 kg 
m− 2 in trt B (Supplementary Fig. S3). The seasonal precipitation was 
high in the first and third year of multi-stem rotation, while it notably 
decreased in the second years for both treatments, especially for trt B. 
The average cumulative precipitation was 25% higher for wild black 
poplar than genotypes of hybrid clones in both treatments. However, in 
each of the three years of trt A, cumulative water transpired by all tested 
poplar genotypes did not exceed the amount of water precipitated 
during the growing season (Supplementary Fig. S3). Transpired water 
ranged from 44 kg m− 2 to 260 kg m− 2 in trt A and from 38 kg m− 2 to 249 
kg m− 2 in trt B. However, in the second year of trt B, Muur, Oudenberg, 
and Vesten hybrid genotypes exhibited canopy transpiration was 24% 
higher than the water precipitated. 
3.5. Water use efficiency of productivity 
Annual WUEp varied considerably over the three-year multi-stem 
rotation in both short-rotation coppice treatments (Fig. 4). In the black 
poplar genotypes, the three-year average WUEp values were lower in trt 
A (6.1 ± 4.75 g kg− 1) than in trt B (14.1 ± 10.9 g kg− 1), accounting for 
an average percentage difference of 57% (Fig. 4). In contrast, in the 
hybrid genotypes, there was a 10% difference in average WUEp between 
trt A (3.8 ± 2.5 g kg− 1) and trt B (4.21 ± 1.85 g kg− 1). In the black polar 
genotypes, such differences were more evident in trt B from the second 
year onwards (Fig. 4, panels e and f). A similar pattern, but with lower 
differences in average WUEp between treatments, was exhibited by the 
hybrid genotypes. Notably, the Ripiti black poplar genotype showed the 
highest water use efficiency under both SRC treatments, with the two 
highest values of 32.1 g kg− 1 and 36.7 g kg− 1 observed in the second 
(2013) and third year (2014), respectively, of the multi-stem rotation 
coppice in trt B. 
4. Discussion 
4.1. Single-stem lengthening effects on multi-stem aboveground biomass 
production 
Our hypothesis that the lengthening the duration of the single-stem 
rotation improves aboveground dry biomass production in the first 
multi-stem rotation coppice was confirmed only for the native black 
poplar genotypes. Lengthening the single-stem rotation did not improve 
aboveground dry biomass and water use efficiency in the hybrid geno-
types. Such divergent responses in highly contrasting genotype groups 
could be linked to the different selection trajectories experienced by 
native and hybrid poplar genotypes, inducing different drought toler-
ance mechanisms under a Mediterranean climate. Why the longer 
single-stem significantly affects the productivity of the aboveground 
biomass of black poplars, but does not influence that of hybrid geno-
types, requires further elucidation. 
Resprouting ability and shoot growth are sustained by an established 
root system and stored carbohydrate reserves [44]. In the mono-stem 
phase, the ontogenesis of the adventitious root system may have 
differed between the two genotype groups and therefore explain the 
divergent aboveground biomass allocation patterns documented for five 
year old roots. In Mediterranean river ecosystem, water table levels 
fluctuate seasonally and physical disturbances caused by flooding are 
common features. Hence, in nature, the establishment (by seeds and/or 
broken branch fragments or buried stems) of obligate phreatophytic 
black poplar regeneration occurs in substrates that are periodically 
disturbed and highly variable along the soil profile [45,46]. Both factors 
promote adventitious root formation and more carbon allocation to 
below-ground biomass in order to improve anchorage under flooding 
events and permit the exploration of deeper soil levels [47,48]. 
Although hybrid clone parent plant material originates from wild 
riparian poplars [19], we hypothesised that the phreatophytic func-
tional traits of the parent wild population would become overshadowed, 
most likely as human domestication is more interested in high biomass 
allocated to aboveground organs [49]. Indeed, human selection criteria 
have emphasised site adaptability, disease tolerance [20], and 
above-ground, rather than the below-ground, traits of hybrid poplar 
clones [19,49]. Our results suggest that in Mediterranean climatic con-
ditions, high above-ground biomass productivity of poplars grown in 
SRC could be linked to carbon allocation during the first phases of 
below-ground organ ontogenesis. 
However, the studied hybrid poplar genotypes were subjected to 
markedly different climatic conditions than those observed in southern 
Mediterranean areas. Among the tested hybrid poplars, five are selected 
by the Belgic breeding centre (Table 1), and are widely cultivated in 
Central and Western European countries [50], which have relatively 
shorter growth season and longer summer rainfall periods than southern 
Europe. In Western European, rainfall is distributed evenly with a 
variation lower than 20% from the average annual precipitation. In 
contrast, rainfall is distributed unevenly during the year in Mediterra-
nean countries, with minimum rainfall observed in summer (Supple-
mentary Fig. S1). Moreover, the late leaf unfolding exhibited by hybrid 
genotypes suggests that they are human-selected and are more adapted 
to the temperature patterns of higher latitudes than lower latitudes. In 
the genus Populus, spring phenology is under strong genetic control and 
Fig. 2. Average shoots number (stems stool− 1 ± SD) in the first multi-stem 
coppice rotation in hybrid and native black poplar genotypes for both SRC 
treatments: trtA (three-year single-stem rotation) and trtB (five-year single-stem 
rotation). Different lowercase letters indicate statistically significant differences 
(p < 0.05). 
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its latitudinal variation pattern has long been a basis of breeding pro-
grams [19,51]. Hybrid genotypes selected at northern latitudes are bred 
to start growth later in spring, thereby ensuring efficient synchroniza-
tion with growth mean air temperatures and avoidance of potential frost 
damage. In the southern latitudes, the phenology of Belgic hybrid clones 
that was desynchronized with climate patterns did not perform well due 
to their genetic inability to utilize spring rainfall completely. Despite the 
shorter growing season of Belgic clones, and the imposed climatic and 
cultivation constrains (no watering), the recorded annual dry biomass 
levels suggest a high photosynthetic rate. 
The hybrid clone I-214, selected for bioclimate of northern Po Valley, 
performed similar to Belgic poplar genotypes in biomass production, but 
with a phenology closer to the Mediterranean native black poplar ge-
notypes. This suggests that synchronization of the hybrid clone 
phenology with growing seasons cannot sufficiently benefit under 
Mediterranean constrains. Thus, specific physiological parameters need 
to be investigated to understand the differences in productivity of the 
studied hybrid and native black poplar genotypes. 
4.2. Single-stem lengthening effects on multi-stem water use efficiency 
The divergent responses of the two genotype groups for aboveground 
dry biomass allocation and water use efficiency (WUEp) suggest that 
root age is a functional trait that improves the efficiency of water use in 
black poplar genotypes SRCs. Root system structure and physiology 
have been reported as important traits involved in water use efficiency 
and drought stress tolerance in Populus [19]. The improved WUE 
exhibited by native black poplars, especially Ripiti and Badolato, can be 
linked to high concentrations of the amino acid osmoprotectant proline 
found in the leaves and roots of P. nigra saplings from Mediterranean 
riparian populations experimentally exposed to severe drought stress 
[52]. Proline content has also been suggested as an evaluation 
Fig. 3. Annual aboveground dry biomass 
production in the first three-year multi- 
stem rotation coppice (left panels a and 
d) in hybrid (orange circles) and native 
black poplar (green circles) genotypes 
managed according to two different 
treatments: trt A (three-year single-stem 
rotation, upper panels) and trt B (five- 
year single-stem rotation, lower panels). 
Linear regression for hybrid (solid black) 
and black poplar (dashed grey) geno-
types differed significantly (p < 0.001). 
Middle (b and e) and right panels (c and 
f) show estimated intercept and slope 
values, respectively. Vertical lines denote 
the standard error of the estimates. 
Different lowercase and capital letters 
indicate significant differences between 
intercepts and slopes (p < 0.05). See 
Table 1 for poplar genotype codes. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the Web version of this 
article.)   
Table 2 
Least-square coefficient estimates of linear regression describing the relationship 
between aboveground dry biomass (Mg ha− 1) and year of multi-stem rotation 
coppice for poplar genotypes grown under two mono-stem SRC treatments: trt A 
(three years) and trt B (five years). Multi-stem rotation length was three years in 
both treatments. SRC treatments and genotype group (hybrid and native black 
poplar) were both encoded as dummy variables. The estimated values from a2 to 
a4 and from b2 to b4 represent the average differences from the intercept a1 and 
slope b1 values, respectively, both estimated for the treatment trt A and hybrid 
genotypes. SE represents the standard error of the estimated parameters.  
Parameter estimate SE t-value p-value 
trt A Hybrid a1 − 0.48 1.93 − 0.25 0.8040 
b1 7.55 0.89 8.45 0.0000 
Native a2 2.98 3.30 0.90 0.3664 
b2 − 2.12 1.46 − 1.45 0.1487 
trt B Hybrid a3 − 4.14 2.72 − 1.52 0.1286 
b3 1.12 1.26 0.88 0.3767 
Native a4 − 5.03 4.84 − 1.04 0.2993 
b4 9.37 2.20 4.26 0.0000  
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parameter in selecting drought-tolerant poplar genotypes [52]. Addi-
tionally, in a common garden experiment with wild black poplar ge-
notypes collected in contrasting xeroriparian environments of the 
southern Mediterranean basin, rapid stomatal closure was reported 
when exposed to drought stress conditions which markedly increased 
WUE [53]. Poplars can be considered isohydric plants, in which daytime 
tissue water content is maintained throughout variations in soil water 
content by controlling stomatal opening [24,54,55]. Our field mea-
surements of maximum leaf conductance indicated more efficient sto-
matal control under no-water supply in some black poplar clones. 
In the experimental site, groundwater table fluctuate at a depth of 
approximately 5 m [31]. Populus root systems reach 2–3 m depth 
through vertical sinker roots [19]. Therefore, the root system was pre-
sumably far from the groundwater table during the driest summer 
period, although under longer single stem rotation of trt B, phreato-
phytic black poplar genotypes may have deepened their sinker roots, 
allowing them to reach to deep soil water resources. 
Selecting poplar genotypes that exhibit high WUE for SRCs is not 
sufficient to reduce potential detriment to water resources [56–58]. 
Studies on hybrid clones have argued that water use efficiency in SRC 
systems is substantially higher [59] or similar [25] to that in conven-
tional agricultural crop systems. In contrast, native black poplar geno-
types in southern Europe show high drought tolerance [53,60]. 
Therefore, although the experimented environmental constrains in this 
study were not full suitable for the tested hybrid poplar genotypes, we 
postulate that future breeding programs for biomass production pur-
poses should consider wild populations of black poplar around the 
Mediterranean basin based on their high WUE. 
4.3. Uncertainty related to canopy transpiration estimation 
The estimated daily canopy transpiration (CT) ranges were compa-
rable to those found in the same hybrid clones of other studies [59,61, 
62] and other P. nigra genotypes grown under drought conditions in pot 
experiments [63]. Nevertheless, CT comparisons are often inaccurate 
due to dissimilar drought and high-water pressure deficit atmospheric 
conditions experienced by SRC poplar genotypes. 
In our study, we used the rearranged Penman-Monteith equation, 
assuming that the SRC plantation was well-coupled aerodynamically 
with the surrounding atmosphere. Using a value of decoupling factor (Ω) 
equal to zero indicates that the change in CT is predominantly controlled 
by VPD and gc (i.e. a well-coupled system with a dominating physio-
logical control). Under these conditions, heat and mass transfer between 
the canopy surface and the atmosphere are very efficient, and transpi-
ration is proportional to canopy conductance [34]. Recent 
eddy-covariance estimated values of Ω have indicated that the transpi-
ration rate in poplar SRC crops is physiologically controlled and well 
coupled with surrounding atmospheric conditions [64]. Nevertheless, 
high daily and seasonal variability of Ω has been observed following 
high and low soil moisture conditions [62]. Therefore, as Ω is a mark-
edly variable value, we set the value of Ω to zero to limit uncertainty in 
canopy transpiration estimation. Moreover, values in existing literature 
are frequently estimated for poplar plantations cultivated in field con-
ditions (e.g. Central Europe and northern America), which are markedly 
different from Mediterranean environments. 
Daily canopy transpiration was estimated assuming leaf area at its 
maximum expansion. However, the seasonal variations of leaf area and 
leaf area dynamics among poplar genotypes are affected by abiotic 
(climate constrains) and biotic (insect foraging) defoliation. This 
knowledge gap poses as a limitation of our study. Therefore, the re-
ported data correspond to the maximum possible value of canopy 
transpiration for each poplar genotype, in each year of the two 
compared multi-stem rotation coppices. 
Finally, the uncertainty originating from neglecting the effects of 
unproductive water loss (nocturnal transpiration) could be minimised 
for native black poplar, but not hybrid poplar, genotypes. In a recent 
experiment with P. nigra genotypes, nocturnal transpiration was re-
ported to occur at levels of below 4% [63], markedly lower than range 
values of 10 %–30% that have been recorded in hybrid genotypes [65]. 
Therefore, unlike that of wild black poplar, daily canopy transpiration 
values in hybrid clones of this study were underestimated. 
Fig. 4. Annual (year of rotation, YoR) water use efficiency (g D.M./kg H2O) of productivity in the first multi-stem rotation coppice for hybrid (orange bars) and 
native black poplar (green bars) genotypes. All genotypes were subjected to two treatments: trt A (three-year single-stem rotation) and trt B (five-year single-stem 
rotation). See Table 1 for genotype codes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4.4. Above-ground biomass productivity and implications for SRC 
management and sustainability 
According to the existing literature on intensive SRC systems, hybrid 
poplar dry biomass production in multi-stem phases ranges from 1.3 to 
24 Mg ha− 1 yr − 1 with a mean biomass yield of 9.3 (±4.2) Mg ha− 1 yr − 1 
[66]. The values of biomass production for the woody crops in this study 
fall around the literature mean. Perhaps most notable was the mean 
value of 13.3 Mg ha− 1 yr− 1 produced by the black poplar genotypes 
under trt B (five-year single-stem cycle), even when there was no irri-
gation in the first multi-stem cycle. Directly comparing the 
above-ground biomass productivity of our SRC system with values re-
ported in the literature can be misleading, as environmental constraints 
and SRC cultivation practices are markedly different across Mediterra-
nean countries. Nevertheless, in northern Italy, the biomass production 
of hybrid poplar genotypes has been shown to range from 3.0 to 15.0 Mg 
ha− 1 yr− 1 [66,67], with a mean value of 7–12 Mg ha− 1 yr− 1 [68]. The 
evaluation of the most suitable hybrid and native black poplar genotypes 
under each treatment in this study needs to be confirmed through more 
rotation cycles to better investigate the field performance of poplar 
genotypes. 
A five-year single-stem rotation clearly influences the harvesting 
system. The basal diameter (as few as 15 cm) and wood hardness of five- 
year-old hardwood cuttings constrains the use of a single-pass cut and 
chip system, which is the most useful and economically advantageous 
method of harvesting [69]. Since harvesting SRCs represents a signifi-
cant cost in the overall supply chain of biomass production [70], it is still 
necessary to assess real economic viability associated with a longer 
single-stem rotation. The larger stem size observed under longer single 
stem rotation suggests this method can be used as feedstock across 
different industrial production processes (i.e. packaging, composite 
wood panel) in addition to energy purposes [71], diversifying the 
market of wood assortments produced by poplar SRCs [72]. 
Finally, the use of regional P. nigra genetic resources in SRC plan-
tations represents a potential ex situ conservation strategy. Indeed, black 
poplar can be considered on the verge of extinction in large parts of 
western Europe of its range distribution [73]. One of the main causes of 
black poplar occurrence is the reduction of the natural habitat due to 
anthropogenic activities (productive activities and artificial riverside 
defences) that prevent their biogeomorphological processes in riparian 
environments [74]. Another driver of black poplar decline is the wide-
spread cultivation of poplar hybrid genotypes, representing a potential 
source of genetic introgression in native black poplar populations [75]. 
In particular, gene flow with P. deltoides and hybrid clones has been 
widely documented as a factor contributing to the decline of wild native 
black poplar biodiversity [76,77]. 
5. Conclusion 
Our study demonstrates that longer single stem rotation can improve 
biomass production and water use efficiency in black poplar multi-stem 
coppice rotation. Furthermore, the cultivation of native black poplar 
genotypes was found to be suitable for SRC, showing both consistent 
biomass productivity and potential positive impacts on the terrestrial 
water cycle and on biodiversity conservation efforts in P. nigra threat-
ened populations. Therefore, the cultivation of autochthonous plant 
material, collected from native forest genetic resources, could represent 
an alternative ecologically viable and most likely economically profit-
able lignocellulosic biomass production. However, other hybrid geno-
types selected recently for biomass production at southern latitudes of 
Europe should be tested in these climatic conditions. Our results 
emphasise the prominent role of root system age in improving above- 
ground biomass production and water use efficiency of poplar geno-
types, and suggest that this trait should be considered in future SRC 
poplar breeding programs. Such selection criteria could lead to obtain-
ing poplar ideotypes that can grow in Mediterranean drought-prone and 
marginal areas and managed under low energy inputs. Our study also 
suggested that in Mediterranean environmental conditions, wild black 
poplars can represent a valid alternative to hybrid poplar genotypes 
managed in SRC crop systems. 
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where Rh (%) is the daily average relative humidity of the air. 
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where es(T*) = 0.61078 (kPa) is the saturated vapour pressure at T* = 273.3 K (0 ◦C); Tm (K) represents average daily temperatures, expressed in 
Kelvin; a = 17.27, and b = 35.86 are the values of the two coefficients to compute vapour pressure over liquid water [78]. 
Appendix B 
Total conductance was converted from units of molar flux density (mmol H2O m− 2 s− 1) to units of mass flux density (mm s− 1) using tabulate values 
of the factor converting-conductance (g/g) reported by Jones [34]. To take into account the dependence of the molar volume of air from air tem-
perature, factor converting-conductance values were regressed onto the air temperatures (range: 5 ◦C–45 ◦C) to obtain the following equation: 
g/g= − 0.14 Tair + 43.927  
where Tair (◦C) is the air temperature that occurred during data collection. Finally, the values of total conductance expressed in mm s− 1 were converted 
to m h− 1 by multiplying with the conversion factor 3.6. 
Appendix C 
Day length (N) was calculated using the equation [37]: 
N =
24
π ωs  
where ωs (rad) is the sunset hour angle, calculated as ωs = arccos[ − tan(ϕ)tan(δ)], ϕ represents latitude (rad), and δ (rad) is the solar declination, 
which, in turn, was estimated as δ = 0.409 sin
(
2π
365 J − 1.39
)
, where J is the day number of each growing season. 
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[10] B. Mola-Yudego, J. Arevalo, O. Díaz-Yáñez, I. Dimitriou, E. Freshwater, A. Haapala, 
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[63] M.B. Bogeat-Triboulot, C. Buré, T. Gerardin, P.A. Chuste, D. Le Thiec, I. Hummel, 
M. Durand, H. Wildhagen, C. Douthe, A. Molins, J. Galmés, H.K. Smith, J. Flexas, 
A. Polle, G. Taylor, O. Brendel, Additive effects of high growth rate and low 
transpiration rate drive differences in whole plant transpiration efficiency among 
black poplar genotypes, Environ. Exp. Bot. 166 (2019) 103784. 
[64] T. Zenone, M. Fischer, N. Arriga, L.S. Broeckx, M.S. Verlinden, S. Vanbeveren, 
D. Zona, R. Ceulemans, Biophysical drivers of the carbon dioxide, water vapor, and 
energy exchanges of a short-rotation poplar coppice, Agric. For. Meteorol. 209–210 
(2015) 22–35. 
[65] D. Cirelli, M.A. Equiza, V.J. Lieffers, M.T. Tyree, Populus species from diverse 
habitats maintain high night-time conductance under drought, Tree Physiol. 36 (2) 
(2015) 229–242. 
[66] S. Njakou Djomo, A. Ac, T. Zenone, T. De Groote, S. Bergante, G. Facciotto, 
H. Sixto, P. Ciria Ciria, J. Weger, R. Ceulemans, Energy performances of intensive 
and extensive short rotation cropping systems for woody biomass production in the 
EU, Renew. Sustain. Energy Rev. 41 (2014) 845–854. 
[67] P. Paris, L. Mareschi, M. Sabatti, A. Pisanelli, A. Ecosse, F. Nardin, G. Scarascia- 
Mugnozza, Comparing hybrid Populus clones for SRF across northern Italy after 
two biennial rotations: survival, growth and yield, Biomass Bioenergy 35 (4) 
(2011) 1524–1532. 
[68] S. Bergante, G. Facciotto, G. Minotta, Identification of the main site factors and 
management intensity affecting the establishment of Short-Rotation-Coppices 
(SRC) in Northern Italy through stepwise regression analysis, Cent. Eur. J. Biol. 5 
(4) (2010) 522–530. 
[69] M. Fiala, J. Bacenetti, Economic, energetic and environmental impact in short 
rotation coppice harvesting operations, Biomass Bioenergy 42 (2012) 107–113. 
[70] M. Manzone, S. Bergante, G. Facciotto, Energy and economic evaluation of a poplar 
plantation for woodchips production in Italy, Biomass Bioenergy 60 (2014) 
164–170. 
[71] G. Facciotto, S. Bergante, L. Rosso, G. Minotta, Comparison between two and five 
years rotation models in poplar, willow and black locust Short Rotation Coppices 
(SRC) in North West Italy, Ann, Silvic. Res. 45 (1) (2020) 12–20. 
[72] A. Spiegel, W. Britz, U. Djanibekov, R. Finger, Policy analysis of perennial energy 
crop cultivation at the farm level: short rotation coppice (SRC) in Germany, 
Biomass Bioenergy 110 (2018) 41–56. 
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